Rationale Bariatric surgery has a considerable positive effect on weight loss and on metabolic and cardiovascular risks. It has therefore been extensively used this last decade to overcome obesity. However, the impact of this surgery on exercise capacity remains unclear. The aim of this study is to clarify the impact of a surgically induced weight loss on aerobic exercise capacity (VO 2 max) in a specific middle-aged female population. Methods Forty-two women with a body mass index > 40 kg/m 2 (age, 42 ± 13 years; weight, 117 ± 15 kg) underwent blood analyses and a cardiopulmonary exercise test (CPET) before and 1 year after bariatric surgery. CPET was performed on a cycloergometer. The first ventilatory threshold (VT1) was measured according to the V-slope method. Results Absolute VO 2 max was reduced by 10% after surgery (2.0 ± 0.4 vs 1.8 ± 0.4 l/min, p < 0.01) or increased when corrected for body weight (18 ± 4 vs 23 ± 4 l/min/kg, p < 0.001) or unchanged when expressed as percentage of predicted values (111 ± 21 vs 105 ± 22, p = 0.06). Weight loss did not affect ventilatory or chronotropic response but increased maximal respiratory exchange ratio (RER) (p < 0.001), decreased maximal O 2 pulse (p < 0.05) and VT1 in milliliters per minute (p < 0.01). By multivariable analysis, decreased absolute VO 2 max after weight loss was associated with increased maximal RER and reduced maximal O 2 pulse (p < 0.05, p < 0.01 respectively), possibly related to a muscular mass limitation. Conclusions Weight loss induced by bariatric surgery may reduce aerobic capacity in women in relation to muscle mass loss.
Introduction
Obesity is a life-threatening condition associated with higher rates of cardiovascular, metabolic and oncologic morbidities and mortalities [1] [2] [3] . Bariatric surgery is an invasive but effective therapy to reduce obesity-associated comorbidities and mortality [4, 5] and is therefore overspreading worldwide [6] . Contrastingly, whilst surgically induced weight loss is generally believed to be associated with a better quality of life [7, 8] and an increased daily physical activity level [5, 8] , some patients still complain about dyspnea and asthenia.
Previous studies evaluating the aerobic exercise capacity (VO 2 max) with a cardiopulmonary exercise test (CPET) before and after bariatric surgery showed controversial results with either an increased [9, 10] , unchanged [11] [12] [13] [14] [15] or decreased VO 2 max [16] [17] [18] [19] [20] . This discrepancy results emerged from different population characteristics (body mass index (BMI), age, sex, comorbidities, etc.), surgical conditions (type of surgery, complications, etc.), post-surgery testing time, amount of weight loss, exercise testing protocol (weight-carrying vs unweight carrying ergometer, direct or indirect measurements of VO 2 max, etc.) and expression of results (absolute VO 2 max or corrected for body dimensions). As VO 2 max is the gold standard to assess exercise capacity but also an important independent predictor of cardiovascular risks and general mortality, a clear description of the impact of bariatric surgery on this parameter is crucial [21] .
In order to clarify the situation, we investigated the effect of a massive weight loss 1 year after bariatric surgery on aerobic exercise capacity measured during an unweight carrying CPET on a cycloergometer. A homogeneous population of middle-aged women with type III obesity (BMI > 40 kg/m 2 ) has been selected as it reflects the predominantly population undergoing this type of surgery [6] . As aerobic exercise capacity is dependent on the integrity of the O 2 transport system from the lungs to the muscular mitochondrion, it is of great interest to investigate on limiting factors to better advise specific rehabilitation of the aerobic exercise capacity during the post-surgery period.
Methods
Forty-two women (42 ± 13 years old; height,164 ± 6 cm; weight, 117 ± 15 kg) with a BMI of 44 ± 4 kg/m 2 were recruited from the Wallonie Picarde Hospital and Erasme Hospital, Belgium. The study was approved by the Ethical Committee of the Erasme University Hospital (reference P2019/179). Patients suffering from cardiovascular or pulmonary disease and taking beta-blockers were excluded. All subjects met the legal criterion for bariatric surgery (BMI > 40 kg/m 2 ) and underwent either a sleeve gastrectomy (N = 18) or Roux-en-Y gastric bypass (N = 24). After surgery, patients had a dietary follow-up at least every 3 months and were advised to exercise and to increase their daily life activities. However, none of them participated to a rehabilitation programme. All declared themselves to be active but not performing more than 2 h/ week of moderate intensity activities.
Experimental Protocol
All subjects underwent a clinical assessment, blood sampling and a CPET maximum of 3 months before bariatric surgery. Tests were repeated strictly 1 year after the intervention. This post-surgery period is characterized by a smoothening of an intense post-surgery weight loss.
Blood Sampling and Anthropometry
Fasting blood tests were analysed for metabolic syndrome and for hematologic assessment by the same hospital laboratory (Wallonie Picarde Hospital, Belgium). Weight was measured to the nearest 0.1 kg on a standing weighting scale (CAE, Bande, Belgium) wearing no shoes and light clothing. Stature was measured to the nearest 0.5 cm with a wallmounted stadiometer. Weight and height were used to calculate BMI as weight (kg)/height (m 2 ).
Cardiopulmonary Exercise Test
The CPET was performed with breath by breath measurements of oxygen consumption (VO 2 ), carbon dioxide production (VCO 2 ) and ventilation (VE) on a stationary and graded cycle ergometer (Schiller CH640/BAR, Ergoline, Switzerland) at progressively increased workload (W). Exercise started with an unloaded 2 min warm-up period at 60 rpm followed by an increased workload of 20 W/min in a ramp protocol until exhaustion. Gas exchange was measured through a facial mask, collected and analysed every 5 s using a metabolic recording system (MasterScreen CPX, Jeager, Carefusion, Germany) previously calibrated with room air and standardized gas (SBx/CPX, Jeager, Germany). Ear lobe arterial oxygen saturation (SpO 2 ) and heart rate (HR) were measured continuously. Blood pressure (BP) was recorded every 2 min. VO 2 max was considered to be achieved when two of the following criteria were met: an increase in VO 2 of less than 100 ml/min with a further increase in workload, a respiratory exchange ratio (RER) greater than 1.1 or agepredicted maximal HR. The Riddle et al. [22] prediction equation has been used to express the VO 2 max in percentage of predicted values as this equation has recently been suggested to be the best option to determine whether the aerobic exercise capacity is normal in women with obesity [23, 24] :
The VT1 was determined by the V-slope when the angular coefficient of the VCO 2 vs VO 2 relationship increases. With this method, VT1 is considered to be a body massindependent parameter as VCO 2 and VO 2 are both corrected for body weight [25] .
Limiting factors of exercise capacity have been considered. Pulmonary limitation was considered if maximal VE reached 85% of the maximal voluntary ventilation, calculated by 35 × 1-s forced expiratory volume (FEV1). Breathing efficiency was defined as VE (l/min) divided by VO 2 (l/min). Chemosensibility was assessed by the VE/VCO 2 ratio measured at the VT1 and the VE/VCO 2 slope up to the respiratory compensation point. Cardiovascular limitation was assessed if theoretical maximal HR was reached, maximal O 2 pulse decreased or reached a plateau, increased HR/VO 2 slope or decreased VO 2 /Workload slope. Metabolic limit was reached when RER > 1.1 or VT1 decreased.
Statistical Analyses
Continuous variables were presented with mean and standard deviations after checking for normality of distributions. Student's t tests were used to test the effect of the type of surgery on metabolic and exercise changes 1 year after surgery. Pre-and post-intervention were compared with a paired Student t test. A univariate linear regression was performed to determine the significant variables associated with weight loss or the changes in VO 2 max (ml/min) after surgery, followed by a multivariable linear regression to find the independent variables associated with the changes in VO 2 max after surgery.
The results are presented as mean ± SD and the significance level was set at p < 0.05 for all analyses.
Results

Clinical Examination and Blood Sampling
As shown in Table 1 , body weight was reduced by more than 30% 1 year after bariatric surgery bringing BMI to the lower limit of the obesity definition. Metabolic syndrome factors were improved after surgery with a decrease in resting systemic BP, triglyceride, low-density lipoprotein (LDL) and fasting blood glucose and an increase in high-density lipoprotein (HDL). Surgery also reduced C-reactive protein (CRP), haemoglobin (Hb), red blood cell count (p < 0.001, not shown), ferritin levels and vitamin B 12 (only in Roux-en-Y gastric bypass surgery (RYGB)) whilst the mean corpuscular volume increased (p < 0.01, not shown). Mean blood albumin level, creatinine, folic acid, iron concentration and the iron saturation coefficient did not significantly change with weight loss.
Except for a vitamin B 12 reduction after RYGB, no difference in anthropometric measurements, blood sampling and aerobic exercise capacity was observed before and after surgery between the RYGB (N = 24) vs sleeve gastrectomy (N = 18) (data not shown).
Cardiopulmonary Exercise Testing
Impact of bariatric surgery on aerobic exercise capacity is illustrated in Fig. 1 . Bariatric surgery reduced maximal workload, VO 2 max (ml/min), end-exercise O 2 pulse and the VT1 with increasing end exercise RER. VO 2 max expressed in millilitres per minute per kilogramme was increased with body weight loss and remained in the normal range of predicted values (Table 2) .
Maximal HR, VE, SpO 2 and VO 2 /W, VE/VCO 2 , HR/VO 2 slopes remained unaffected after weight loss (Table 2) .
Correlations
The magnitude of the surgically induced weight loss was correlated to the increase in HDL (R = − 0.47, p < 0.05) and decrease in LDL (R = 0.46, p < 0.05) and Hb concentration (R = 0.39, p < 0.05) but also with changes in VO 2 max (ml/min) (R = 0.31, p < 0.05) and the VE/VCO 2 slope (R = 0.37, p < 0.05). The post-surgery changes in Hb concentrations were positively correlated to the changes in vitamin B 9 and B 12 (both R = 0.41, p < 0.01).
Serum creatinine changes after surgery were correlated to the changes in VT1 (R = 0.30, p < 0.05), O 2 pulse (R = 0.42, p < 0.01) and VO 2 max (R = 0.42, p < 0.01).
The magnitude of the changes in VO 2 max after surgery was positively correlated to the changes in Hb (R = 0.34, p < 0.05) and iron concentration (R = 0.50, p < 0.05), coefficient of iron saturation (R = 0.35, p < 0.05), creatinine concentration (R = 0.42, p < 0.01), maximal W (R = 0.59, p < 0.01), VT1 (R = 0.48, p < 0.01), maximal O 2 pulse (R = 0.63, p < 0.001) and VO 2 /W slope (R = 0.57, p < 0.01), and inversely correlated to the changes in the end exercise RER (R = − 0.49, p < 0.01).
The multivariable analysis showed that only surgically induced changes in end exercise RER and maximal O 2 pulse were independently associated with the changes in VO 2 max (ml/min) (adjusted R 2 of the mode 0.404).
Discussion
The present results confirm that bariatric surgery reduces cardiovascular and metabolic risk factors proportional to weight loss. In a middle-aged women population with obesity, surgically induced weight loss increased relative maximal aerobic capacity but decreased absolute VO 2 max with a lower ventilatory or dyspnea threshold. This could be explained by a combination of a reduction in haemoglobin concentration and a muscular limitation.
Aerobic Exercise Capacity
VO 2 is commonly expressed relative to body mass allowing for body dimensions correction. This penalizes heavier individuals and women with an unfavourable body composition [26, 27] . Tanner discussed the fallacy of this ratio method 70 years ago by demonstrating that expressing the VO 2 relative to mass is valid in an approximate normal adult population, but an insidious drift will be introduced in any deviating situation [28] . It also introduces a confounding factor when VO 2 max is compared in specific situations where body mass changes occur with growth, training, sickness, diet, etc. The increased VO 2 max corrected for body weight observed after bariatric surgery in the present and previous studies is highly dependent on body mass loss after the intervention. This information may be relevant in terms of exercise capacity in body weight-bearing efforts, frequent in daily life activities (walking, running) although a recent study demonstrated that the metabolic cost for walking or climbing stairs is identical in obesity and normo-weighted subjects [23] . However, treadmill exercise testing studies before and after bariatric surgery showed indeed reduced metabolic costs of body weightbearing activities with lower ventilation cost and a higher dyspnea threshold level [8-10, 17, 19, 29] . However, treadmill studies showed unchanged or reduced absolute VO 2 max after surgery [10, 12, 17, 19, 20] . In the present study, CPET performed on a cycloergometer revealed a 7% average reduction of absolute VO 2 max. This is a greater loss than the 1% decrease observed per year with ageing [30] . Lund et al. described similar absolute VO 2 max decrease 4 and 18 months after RYGB surgery and concluded that patients do not adopt new exercise habits following surgery [18] . However, it is to mention that this analysis refers to mean values. Intersubject variability confirms that weight loss does not universally reduce exercise capacity but that an individual post-surgery follow-up should be encouraged focusing on the improvement of the exercise limiting factors of aerobic capacity.
Considering the inconsistent consensus on expressing VO 2 max in obesity, it remains difficult to quantify individual survival prognosis. It has recently been recommended to quantify VO 2 max in percentage of the prediction equations from Riddle et al. [22] [23] [24] . Accordingly, the present subjects had an above normal cardiorespiratory fitness before surgery only mildly reduced after surgery. It is however not clear if this reduction could account for worst prognostic as predicted Table 3 lists the main studies with available data on the impact of bariatric surgery on cardiorespiratory fitness changes measured directly with CPET. Analysis of these changes allows for a better understanding of limiting factors of oxygen transport from the lungs to the mitochondria.
Respiratory Limitation
Hypoventilation and a poor compensatory hyperventilation at high-intensity exercise is common in obese people with increased mechanical load on the thorax [15, 31] . Zavorsky et al. compared pulmonary function and arterial blood-gas at maximal exercise before and 10 weeks after bariatric surgery, showing that overall fat mass loss allowed adequate compensatory hyperventilation resulting in improved pulmonary gas exchange at peak exercise [15] . In the present study, bariatric surgery only slightly increased maximal ventilation (+ 7%, p = 0.052), but achieved at a lower maximal workload confirming a mechanical facilitation to fill the lung [10, 31] . Moreover, the VE/VCO 2 slope was inversely correlated to the amount of weight loss. The VE/VCO 2 slope is known to be an independent predictor of mortality in heart failure and other chronic diseases, probably related to increased chemosensibility [32] . This observation confirms the weight loss-induced reduction of ventilatory cost at a given metabolic level. However, those trivial ventilatory changes did not influence SpO 2 or VO 2 max positively.
Convective Oxygen Transport Limitation
It has been previously mentioned, although not directly measured, that maximal oxygen transport represented by maximal cardiac output and end exercise arterial oxygen content is not impaired after bariatric surgery [10, 17, 26] . In the present study arterial oxygen content is reduced by a slight postsurgery decrease in haemoglobin concentration independent of the type of surgery (bypass or sleeve). In respiratory-limited patients, a slight decrease in haemoglobin affects aerobic exercise capacity, functional capacity and quality of life by triggering an early anaerobic metabolism with consequent stimulus to ventilation [33] . However, according to previous studies in healthy subjects, the 0.88 g/dl decrease of haemoglobin observed in the present study would only account for 1-2% reduction in VO 2 max [34] and can therefore not be considered as the main aerobic exercise limitation factor. The reason for this post-surgery haemoglobin reduction remains unclear, but a relation with a malabsorption or insufficient supplementation of vitamins B 12 and B 9 could be suspected as the postsurgery changes in Hb levels are associated with changes in those vitamins, essential for erythropoiesis.
Chronotropic response remained unchanged but changes in VO 2 max were associated to changes in maximal O 2 pulse, a composite index including stroke volume and arterio-venous oxygen difference. Previous studies demonstrated that weight reduction in patients with type III obesity usually improves cardiac function by decreasing ventricular wall thickness, systemic arterial pressure and blood volume and improving left ventricular diastolic function [17, 35] . This latest observation has been shown to be correlated to exercise capacity 6 months after vertical-banded gastroplasty. Accordingly, it seems reasonable to assume that the reduced O 2 pulse observed in the present study is more likely related to muscular rather than cardiac limitation. In a similar study, Seres et al. offer an additional argument by showing that postsurgery reduction in O 2 pulse disappeared after normalization for fat free mass (FFM) reflecting minimal influence of a cardiac limitation [10] .
Muscular and Metabolic Limitation
In the present study, post-surgery VO 2 max changes were correlated to changes in maximal RER, O 2 pulse and the ventilatory threshold level. With an additional post-surgery maximal workload reduction, all arguments are in favour of a muscular limitation. Unfortunately, a limitation of this study is that it does not provide body composition measurements, which preclude any direct conclusion on muscular mass changes. However, numerous studies have previously indicated that lean body mass loss occurs with post-surgery fat mass loss [10, 12, 13, 16, 18, 36] . Lower muscle mass and oxidative capacity would indeed lead to a deconditioned profile with a low absolute VO 2 max and VT1. In the present study, a positive correlation exists between the post-surgical changes in creatinine level, highly dependent on muscle mass, and changes in VO 2 max and VT1.
Previous studies confirm early VT1 after surgery [13, 14, 17] but this parameter remains understudied and inconstantly reported although it reflects the activity level triggering dyspnea and is therefore related to quality of life. VT1 is indeed reduced in deconditioning situations when the purely aerobic performance of the muscle is reduced due to oxygen transport, muscular deconditioning or muscle mass loss.
However, only changes in maximal RER and in maximal O 2 pulse were independent predictors of the changes in VO 2 max. A high RER could be suggestive of high motivation but a higher RER at a lower maximal workload most likely reflect a higher anaerobic metabolism rate on less muscular fibres.
A mitochondrial affection after surgery could be excluded as it would decrease VO 2 max relative to FFM NA not available which has consistently been shown to be preserved [10, 12, 13, 18] . Moreover, there is some evidence of mitochondrial remodelling after bariatric surgery associated with increased phosphorylation capacity in the absence of electron transport system capacity or mitochondrial abundance changes [16] .
Another indirect argument of a muscle mass limitation is that exercise training has a positive effect on FFM and aerobic capacity [16, 37, 38] . This is of great interest and should be widely promoted. Indeed, a recent metaanalysis showed that in the absence of peri-surgical exercise promotion, moderate-to-vigorous physical activities are reduced within the first 6 months after bariatric surgery despite a greater active time which would lead to muscular deconditioning [39] . This finding might be explained by a reduction in VT1 after surgery, reducing the spontaneous exercise threshold level under dyspnea symptoms. Therefore, this study supports the crucial current idea that promoting adequate physical activity at a sufficiently high intensity is necessary to overcome the muscle mass loss and reverse the sedentary viscous circle. This should be recommended in parallel with adequate dietary (protein intake, etc.) and haematological (Hb, etc.) follow-up. It is, however, to mention that a longer follow-up is necessary to confirm a long-term muscular adverse effect of bariatric surgery.
In conclusion, although bariatric surgery has a multitude of health benefits, a slight haemoglobin decrease and muscle mass reduction with post-surgery weight loss may negatively affect the aerobic exercise capacity in women. This could be avoided by an individual exercise activity promotion and by an adequate hematologic follow-up before and after bariatric surgery.
